This study aims to investigate the effects of nitrogen flow rate (0-2.5 sccm) on the structure and properties of TiZrN films. Nanocrystalline TiZrN thin films were deposited on Si (001) substrates by unbalanced magnetron sputtering. The major effects of the nitrogen flow rate were on the phase, texture, N/(Ti + Zr) ratio, thickness, hardness, residual stress, and resistivity of the TiZrN films. The nitrogen content played an important role in the phase transition. With increasing nitrogen flow rate, the phase changed from mixed TiZr and TiZrN phases to a single TiZrN phase. The X-ray diffraction results indicated that (111) was the preferred orientation for all TiZrN specimens. The N/(Ti + Zr) ratio of the TiZrN films first increased with increasing nitrogen flow rate and then stabilized when the flow rate further increased. When the nitrogen flow rate increased from 0.4 to 1.0 sccm, the hardness and residual stress of the TiZrN thin film increased, whereas the electrical resistivity decreased. None of the properties of the TiZrN thin films changed with nitrogen flow rate above 1.0 sccm because the films contained a stable single phase (TiZrN). At high nitrogen flow rates (1.0-2.5 sccm), the average hardness and resistivity of the TiZrN thin films were approximately 36 GPa and 36.5 Ω⋅cm, respectively.
Introduction
Since the 1980s, transition metal nitride coatings produced by physical vapor deposition have been widely studied. Binary transition metal nitride films such as TiN and ZrN are often used as protective coatings to enhance the properties of substrate materials. Due to their high hardness and better wear and corrosion resistance, binary transition metal nitride films are widely used in industry. Additionally, transition metal nitrides are used as diffusion barriers in the semiconductor industry [1, 2] .
With the rapid development of technology, demands for high-quality films are increasing. Therefore, development of multifunctional ternary transition metal nitride films has begun. Under equivalent deposition conditions, TiZrN coatings not only exhibit corrosion resistance and superior mechanical properties such as lower resistivity, higher adhesion, and lower friction coefficient but also show enhanced hardness and wear resistance. Due to solid-solution strengthening, these films generally reach maximum hardness when ternary Ti Zr N contains 60 at.% Ti [3, 4] .
Although preliminary studies on TiZrN films have been conducted in recent years, the properties of TiZrN films have not yet been fully developed; thus, the film properties can be improved by unbalanced magnetron sputtering. DC unbalanced magnetron (UBM) sputtering systems are popular coating systems used to deposit high-quality films of various materials. UBM can reduce the cost of the deposition process [5] . Furthermore, the effect of nitrogen flow rate on the phase transition in TiZrN thin films is worth studying because the phase transformation may change some film properties. Herein, a relatively broad range of process parameters was employed to deposit TiZrN thin films with stable properties. This study primarily aims to investigate the effects of nitrogen flow rate on the structure and properties of TiZrN film depositing using DC unbalanced magnetron sputtering. 
Experiments
TiZrN thin films were deposited on Si substrates using a DC unbalanced magnetron sputtering system. Prior to deposition, the substrate was presputtered in argon atmosphere for 5 min to remove the surface oxide layer. The substrate was subjected to a bias of −1000 V using a power supply, and the argon flow rate was fixed at 50 sccm to clean the substrate surface. The target-to-substrate distance was adjusted to 10 cm. The power supplies of the two targets were operated at 0.24 A. High-purity working and reactive gases were introduced, and mass flow controllers were used to adjust both gases. The flow rate of argon gas (99.9995%) was fixed at 30 sccm with a maximum gas flow rate of 50 sccm. The flow rate of nitrogen gas (99.9995%) was varied from 0 to 2.5 sccm with a maximum gas flow rate of 5 sccm. The negative substrate bias voltage was maintained at −80 V. The coating temperature was 400 ∘ C. The deposition conditions for nine samples are listed in Table 1 .
The crystal structures of the TiZrN films were determined by X-ray diffraction (XRD) using Cu-K radiation, and the cross-sectional microstructures of the TiZrN thin films were observed by field-emission gun-scanning electron microscopy (FEG-SEM). The surface compositions of TiZrN thin films were determined by X-ray photoelectron spectroscopy under a vacuum of 10 −10 torr. The electrical resistivities of the TiZrN film were measured using a four-point probe, and the hardness values were determined by nanoindentation. The residual stress of the specimen deposited on silicon was determined by a laser curvature measurement system that measured the curvatures of a specimen before and after film deposition. The colorations of the TiZrN thin films were examined at room temperature using a Hunterlab MiniScan XE Plus spectrophotometer (Model 4000VSAV). Tables 2 and 3 . All reflection peaks of TiZr were observed between the Ti and Zr peaks in the XRD patterns. Similarly, all reflection peaks of TiZrN were observed between the peaks of TiN and ZrN. Figure 1 shows the XRD patterns of the films deposited at different nitrogen flow rates.
Results and Discussion
The (100), (002), and (101) crystalline planes of TiZr were found in specimen N00, and the (111) and (200) plane of TiZrN were observed in specimens N06 to N25. Only one broad peak appeared in the spectra of specimens N04 and N05. This unsymmetrical peak can be deconvoluted into two peaks-TiZr (002) and TiZr (101) peaks-as shown in Figures  2 and 3 . The XRD results indicate that the phase transition of films occurred as the nitrogen flow rate increased from 0 to 0.6 sccm.
The texture coefficients of films N06 to N25 were calculated from the integrated intensities of the TiZrN (111) and TiZrN (200) peaks ( Table 2 ). The intensity of the (111) peak was stronger than that of the (200) peak; thus, the preferred orientation of specimens N06 to N25 was (111). Figure 4 shows the variation in texture coefficient with nitrogen flow The lattice parameters of N06 and N07 were calculated from TiZrN peaks, although those films contained two phases.
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Journal of Nanomaterials rate. The texture coefficient of (111) increased from 0.6 to 0.9 with increasing nitrogen flow rate from 0.6 to 1.9 sccm; as nitrogen flow rates increased from 1.9 to 2.5 sccm, the texture coefficient decreased to 0.7.
The full-width-at-half-maximum (FWHM) values of the TiZr (002) or TiZrN (111) peaks were also calculated from the XRD patterns ( Table 2 ). The FWHM of TiZr (002) for specimen N04 was larger than that of specimen N05, indicating the better crystallinity of N05. This suggests that increasing the nitrogen flow rate can improve the crystalline quality of the TiZr phase in TiZrN films. The FWHM of specimen N06 was larger than those of the films deposited at higher nitrogen flow rates, indicating the poor crystallinity of the N06 TiZrN film.
The grain sizes of the films were obtained from the FWHM values of the TiZr (002) or TiZrN (111) peaks using the Scherrer equation (Table 2 ). The grain sizes of TiZr (002) in specimens N04 and N05 were less than 10 nm. The grain size of TiZrN (111) in specimen N06 was smaller than those for films deposited at higher nitrogen flow rates; for flow rates above 0.7 sccm, the average grain size was approximately 18 nm. ∘ to 100 ∘ . The 2 angles of peaks were obtained by fitting each peak on the basis of the assumption of a Gaussian or Lorentz distribution. The GIXRD patterns did not reveal additional phases that were not observed by XRD. Five major peaks of the TiZr crystalline plane, namely, (100), (101), (102), (103), and (200), were observed in the GIXRD pattern of specimen N00. The patterns of specimens N04 and N05 reveal that there were two phases in these films, that is, TiZr and TiZrN. A single TiZrN phase with five major peaks ((111), (200), (220), (311), and (222)) was observed in the spectrum of specimen N06. The GIXRD patterns of the other specimens were similar to that of N06 at nitrogen flow rates higher than 0.6 sccm.
The lattice parameter from each (ℎ ) plane was calculated by the following equation:
Intensity ( The lattice parameter of each peak was plotted against cos / sin and linearly fitted. The lattice parameter ( 0 ) was obtained from extrapolation to = 90 ∘ ( Table 2 ). The lattice parameters of specimens N04 and N05 are not listed since there was just one or two diffraction peaks of each phase in the XRD patterns of these mixed-phase films, which is insufficient for meaningful linear regression. The lattice parameters of films deposited at nitrogen flow rates from 1.0 to 2.5 sccm ranged from 4.43 to 4.44Å with an error below 0.4%. The lattice parameters were not significantly influenced by the nitrogen flow rate. Figure 6 shows the cross-sectional SEM images of the samples deposited at different nitrogen flow rates. Although the columnar structure was not evident in the sample deposited at a nitrogen flow rate of 0.4 sccm, this structure became more evident with increasing flow rate.
The thicknesses of the TiZrN films ranged from 240 to 690 nm, which decreased with increasing nitrogen flow rate at a constant deposition time of 40 min. The deposition rate was calculated as the thickness divided by the deposition time. The variation in deposition rate with nitrogen flow rate is shown in Figure 7 . The deposition rate decreased with increasing nitrogen flow rate, which was likely due to the decrease in the supply of Ti and Zr atoms with increasing nitrogen flow rate, thereby reducing the deposition rate. Figures 8 and 9 show the deconvoluted XPS Zr-3d and Ti-2p spectra for samples N19 and N04, respectively.
The contents of Ti, Zr, N, and O were calculated from the integrated intensities of the deconvolution XPS spectra. The bonding of TiN, TiNO, TiO 2 , ZrN, ZrNO, and ZrO 2 may have existed in the TiZrN thin films deposited at nitrogen flow rates exceeding 0.7 sccm. When the nitrogen flow rate was less than 0.7 sccm, Ti-Ti and Zr-Zr metal bonds were present in the TiZrN films.
The N/(Ti + Zr) and Ti/(Ti + Zr) ratios were calculated from the integrated areas of each element divided by their sensitive factors ( Table 2 ). All of the Ti/(Ti + Zr) ratios were approximately 0.4. The variation in N/(Ti + Zr) ratio with nitrogen flow rate is shown in Figure 10 . The N/(Ti + Zr) ratio increased from 0.6 to 1 as nitrogen flow rate increased from 0.6 to 1.3 sccm and then leveled off at 1 when nitrogen flow rate increased further. According to the binary phase diagram, the N/Ti ratio of the TiN ranged from 0.6 to 1.2 [6] , whereas the N/Zr ratio of the ZrN phase ranged from 0.8 to 1.1 [7] . A low N/(Ti + Zr) ratio indicates that the content of nitrogen atoms is insufficient to form a single TiZrN phase; hence, the films with low N/(Ti + Zr) ratios contained both TiZr and TiZrN or TiN and ZrN phases. The GIXRD results also support this argument. The colorations of all samples determined by spectrophotometry are shown in Figure 11 . The samples deposited at nitrogen flow rates less than 1 sccm were gray in color, whereas the samples containing higher nitrogen contents exhibited gold coloration. Note that the N06 and N07 specimens were gray, but only TiZrN peaks were observed in their XRD patterns. This indicates that another phase may have existed in the N06 and N07 specimens.
The average values of * * * located on the color coordinate in the CIELAB 1976 coloration space are listed in Table 3 . The relationship between * * * and N 2 flow rate is shown in Figure 12 . Among the gold-colored samples, the colorations of samples N22 and N25 were slightly different from those of the others. The * value, which represents the level of red color, increased with increasing nitrogen flow rate. The * value represents the brightness of the film. The * values of samples N22 and N25 were smaller than those of the other gold-colored samples, whereas the * values of these samples were larger. These results indicate that the colorations of samples N22 and N25 were darker gold compared to the other samples.
According to abovementioned results, those specimens can be divided into three zones based on the XRD patterns. Zone 1 is the film with a single TiZr phase at a nitrogen flow rate of 0 sccm. Zone 2 is the mixed-phase film; the nitrogen flow rate range of zone 2 was 0.4 to 0.7 sccm. Zone 3 is the film containing only the TiZrN phase (nitrogen flow rate > 0.7 sccm).
The residual stresses of the TiZrN films were determined using an optical method (Table 3) . Tensile stress was observed only in sample N00, whose XRD pattern exhibited TiZr peaks, whereas compressive stress was found in all other films. Figure 13 shows the variation in residual stress with nitrogen flow rate. The compressive stress initially increased with increasing N 2 flow rate in zone 2. In zone 3, the stress stabilized as nitrogen flow rate further increased and decreased when nitrogen flow rate exceeded 1.9 sccm. Figure 14 shows the variation in electrical resistivity with nitrogen flow rate. The resistivity rapidly increased to 217.9 Ω⋅cm as nitrogen flow rate increased from 0 to 0.4 sccm. In zone 2, the resistivity decreased to 34.8 Ω⋅cm with increasing nitrogen flow rate. The resistivity was not significantly influenced by nitrogen flow rate in zone 3, and the average resistivity was approximately 35 Ω⋅cm.
The hardness values of the TiZrN films were measured using a nanoindenter. Figure 15 shows the variation in hardness with nitrogen flow rate. In zone 2, the hardness increased from 15 to 33 GPa with increasing nitrogen flow rate. In zone 3, the variation in hardness with nitrogen flow rate was not evident, and the average hardness was approximately 36 GPa.
Note that the hardness of the N07 specimen was similar to that of the TiZrN film; however, the N07 specimen was gray in color. Figure 1 , the XRD peak of TiZr was observed only in specimens N04 and N05 herein; this was not observed in the patterns of specimens N06 and N07. However, the colors of the N04, N05, N06, and N07 films were similar, indicating that the TiZr grains may have been embedded in the TiZrN matrix in specimens N06 and N07. The second phase of TiZr may have been an amorphous phase in N06 and N07; the amorphous phase would not have been found by XRD and GIXRD. Furthermore, the XPS Ti2p 3/2 and Zr-3d 5/2 deconvolution spectra (Figure 8 ) indicated that pure Ti and Zr metal bonds existed in specimen N06, further supporting the idea that TiZr was present in the films. According to the phases of TiZrN thin films, the films can be separated into three zones:
Discussion

Nanocomposite. As shown in
(1) Single phase with HCP structure TiZr; N/(Ti + Zr) = 0 (sample N00). (2) Multiphase with HCP structure TiZr, FCC structure TiZrN, and other uncertain phases; N/(Ti + Zr) < 0.9 (samples N04 to N07).
(3) Single phase with FCC structure TiZrN; N/(Ti + Zr) > 0.9 (samples N10 to N25).
On the basis of this classification scheme, it can be found that the multiphase appeared in the (Ti, Zr)N as the N/(Ti + Zr) was less than 0.9 on one hand. On the other hand, the N/(Ti + Zr) ratio of the stable TiZrN must have been larger than 0.9. The stable composition of (Ti, Zr)N should consider the contribution of TiN and ZrN phases. Based on the NTi and N-Zr phase diagrams [6, 7] , the N/Ti composition range of TiN is 0.6-1.2 and the N/Zr composition range of ZrN is 0.8-1.1. In the (Ti, Zr)N system, the addition of Zr to TiN (or the addition of Ti to ZrN) causes the lattice strain and destroys the stable structure. This lattice strain affects the extent of nitrogen solvation in the solid solution of (Ti, Zr)N; thus, the extent of solvation of the stable (Ti, Zr)N films is lesser than those of TiN and ZrN. The N/(Ti + Zr) ratio of stable (Ti, Zr)N is between 0.8 and 1.1. Nitrogen content of plays an important role in the phase transition. At nitrogen flow rates less than 0.7 sccm, the N/(Ti + Zr) values of the TiZrN films were less than 0.9, and there were insufficient nitrogen atoms to bond with the Ti and Zr atoms that arrived at the substrate surface; the excess Ti and Zr atoms formed the metallic TiZr phase. Thus, the TiZrN film with low N/(Ti + Zr) ratio was basically composed of TiZrN and TiZr with a nanocomposite structure. In a previous study, the secondary phase TiZr appeared in TiZrN films with low N/(Ti + Zr) ratios [8] . Figure 15 , the hardness of TiZr film was the lowest among all samples, and that of TiZrN films increased with nitrogen flow rate until 0.7 sccm; above this value, the hardness leveled off at approximately 36 GPa. Many factors might affect film hardness, such as preferred orientation, grain size, stoichiometry, and residual stress.
Hardness. As shown in
Several studies have reported that the (111) texture coefficient is an important factor affecting the hardness of TiN films because ⟨111⟩ is the hardest orientation in TiN [9, 10] . Since the Schmid factor for the (111) direction of TiN is zero in all slip systems, hardness increases with increasing (111) texture coefficient. TiZrN has the same NaCl crystal structure as TiN, (111), which is supposed to be the hardest orientation of the TiZrN film. However, the effect of the (111) texture coefficient on the hardness of the TiZrN film was not significant herein.
In this study, the relationship between grain size and hardness was insignificant. At low nitrogen flow rate, both crystalline and amorphous phases may have formed in the film. Therefore, it was difficult to determine whether the grain size affected film hardness since grain size was measured from XRD patterns, reflecting only crystalline phases.
Differences in composition can significantly affect film hardness. Among the films used herein, the film containing only the metallic TiZr phase, which was deposited without nitrogen, had the lowest hardness. The hardness values of metallic materials are generally lower than those of ceramic materials because ionic and covalent bonds are stronger than metallic bonds. Therefore, the hardness of the TiZr film was lower than that of the TiZrN film. The hardness values of TiZrN films were higher than those of TiN and ZrN due to solid-solution hardening. The addition of Zr to TiN (Ti to ZrN) induced the lattice distortion of the matrix; hence, it is necessary to apply more force for dislocation slip. Moreover, film hardness is related to the fraction of the TiZrN phase. When nitrogen atoms are introduced during the deposition process, the nitrogen atoms combine with Ti and Zr atoms to form the TiZrN phase in the films. In a previous study, the lattice parameter was found to be proportional to the atomic fraction in Ti 1− Zr N [11] . The lattice parameters of the TiZrN films used herein were almost identical, even for the films deposited at low nitrogen flow rates of 0.6 and 0.7 sccm. This result indicates that the compositions of the TiZrN phases in the films were identical. In this case, the overall compositional change comes from the surrounding TiZr phase. Therefore, we can assume that the increase in N/(Ti + Zr) ratio is equivalent to increase in the TiZrN fraction. As the nitrogen flow rate increased, more nitrogen atoms bonded with Ti and Zr atoms to form the high-hardness TiZrN phase. In other words, the N/(Ti + Zr) ratio increased with increasing nitrogen flow rate from 0.4 to 1.0 sccm, and the TiZrN film hardness increased with increasing TiZrN fraction ( Figure 16 ). In zone 3, the N/(Ti + Zr) ratios of the TiZrN films were larger than 0.8 and were with stable nitrogen flow rate; thus, the TiZrN film hardness did not vary with nitrogen flow rate. The averaged hardness was approximately 36 GPa at high nitrogen flow rates ranging from 1.0 to 2.5 sccm. Notably, although the N/Zr ratio was below 0.9 in specimen N07 with a nanocomposite structure, its high hardness was similar to that of the TiZrN film. It is possible that the structure of specimen N07 was composed of uniform composite phases.
Resistivity. The resistivity of TiZr is approximately 126
Ω⋅cm. TiZrN can be used as a diffusion barrier due to its low resistivity (60-100 Ω⋅cm) [12, 13] . Resistivity depends on lattice defects and impurity atoms in the film; increases in lattice defects and impurity atoms increase the scattering of conductive free electrons and decrease the mean free path of conductive free electrons. Thus, more lattice defects and impurity atoms may increase the resistivity. Herein, the resistivities of the nanocomposite films deposited at low nitrogen flow rates (0.4 to 0.7 sccm) are higher than those of the single-phase TiZr and TiZrN films (Figure 14) . This may indicate that more lattice defects and impurity atoms were present at the TiZr/TiZrN interfaces in the nanocomposite films, resulting in higher resistivities compared to the single-phase films. The FWHM from XRD patterns represents the crystallinity of the crystal plane in the films, and the FWHM of each specimen was calculated from different peaks. Therefore, we could not confirm if the crystallinity was related to TiZrN film resistivity.
The TiZrN film resistivity decreased with increasing nitrogen flow rate to 0.9 sccm (Figure 14) . TiZrN resistivity may have depended upon of N/(Ti + Zr), as shown in Figure 17 . The films deposited at low nitrogen flow rates (0.4 to 0.7 sccm) exhibited nanocomposite structures; hence, the resistivities of these films were higher than those of the films deposited at high nitrogen flow rates. The fraction of TiZrN phase was also related to TiZrN film resistivity. As nitrogen flow rate increased from 0.4 to 1.0 sccm, the N/(Ti + Zr) ratio increased accordingly, and the structures of TiZrN films became uniform. Therefore, the resistivity decreased with increasing N/(Ti + Zr) ratio at low nitrogen flow rate. The lowest TiZrN film resistivity values were observed at nitrogen flow rates above 1.0 sccm, which may be attributed to the single-phase TiZrN film.
Comparing the results of a previous study with those herein indicates that low resistivity and high hardness can be obtained at high nitrogen flow rates. This may be due to the high crystallinity of the TiZrN structure.
Residual Stress.
The residual stress in the TiZr film was tensile stress, whereas compressive stress was observed N/(Ti + Zr) ratio in TiZrN films. Residual stress comes from thermal stress and grown-in stress. Herein, the major contribution was grown-in stress. Substrate temperature, gas pressure, and substrate bias are known to be the main parameters affecting grown-in stress. Herein, the substrate temperature and bias were fixed at 400 ∘ C and −80 V, respectively. There was an evident relationship between the residual stress of TiZrN and nitrogen flow rate. Figure 13 shows that the compressive stress of the TiZrN films decreased with increasing nitrogen flow rate from 0.4 to 1.0 sccm. The N/(Ti + Zr) ratio increased as the nitrogen flow rate increased, whereas the residual stress decreased because the stress was released with the appearance of the TiZr phase. Therefore, the fraction of TiZr phase in the films decreased with increasing N/(Ti + Zr) ratio, and the compressive stress in the film consequently increased. As shown in Figure 18 , the compressive stress increased with increasing N/(Ti + Zr) ratio for the films deposited at nitrogen flow rates ranging from 0.4 to 1.0 sccm.
The residual stress in the TiZrN films increased to −5 GPa as nitrogen flow rate increased to 1.0 sccm and then stabilized. However, the residual stress decreased as nitrogen flow rate increased from 0.22 to 0.25 sccm. There was no significant relationship between residual stress and any structural properties.
Conclusions
(1) Nanocrystalline TiZrN thin films were successfully prepared by DC unbalanced magnetron sputtering with different nitrogen flow rates ranging from 1.0 to 2.5 sccm. The hardness and resistivity stabilized when nitrogen flow rate increased above 1.0 sccm.
(2) According to the phases of the TiZrN thin films, three zones were defined. The film exhibited a single phase with TiZr HCP structure at nitrogen flow rate of zero. As the nitrogen flow rate increased from 0.4 to 0.7 sccm, the films were two-phase with TiZr of HCP structure and TiZrN of NaCl structure. When nitrogen flow rate was higher than 1.0 sccm, the films were single-phase with TiZrN of NaCl structure. (3) The N/(Ti + Zr) ratio of the TiZrN single-phase film must be larger than 0.8, and the N/(Ti + Zr) ratio did not change with nitrogen flow rate when the flow rate exceeded 1.0 sccm. (4) The hardness and residual stress of the TiZrN films increased with increasing N/(Ti + Zr) ratio when the nitrogen flow rate increased from 0.4 to 1.0 sccm. In contrast, the resistivity of the TiZrN films decreased with increasing N/(Ti + Zr) ratio.
